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bstract

Pathological accumulation of �-amyloid peptide (A�) is an early and common feature of Alzheimer’s disease (AD). An increased zinc
oncentration can initiate the deposition of A�. The present study aimed to study the expression and distribution patterns of six members
f the zinc transporter (ZnT) family, ZnT1, ZnT3, ZnT4, ZnT5, ZnT6, and ZnT7, in the APPswe/PS1dE9 transgenic mouse brain. Our
esults demonstrated a statistically significant (P < 0.05) increase of ZnT1, ZnT3, ZnT4, ZnT6, and ZnT7 in both hippocampus and neo-
ortex using Western blot method and an abundant distribution of zinc ions in the plaques and amyloid angiopathic vessels using immersion
utometallography. Furthermore, all ZnT immunoreactions were detected in most amyloid plaques and amyloid angiopathic vessels. ZnT1

nd ZnT4 were extensively expressed in all parts of the plaques. ZnT3, ZnT5, and ZnT6 were expressed most prominently in the degenerating
eurites in the peripheral part of the plaques, while ZnT7 was present in the core of the plaques. The amyloid angiopathic vessels showed a
trong ZnT3 immunoreactivity. These results might suggest multiple roles of ZnTs in the deposition and organization of the A� composition.

2008 Elsevier Inc. All rights reserved.
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. Introduction

Alzheimer’s disease (AD) is a disease of progressive
ntellectual deterioration. It is pathologically characterized
y neurofibrillary tangles (NFT) and senile plaques (SP).
nother concomitant pathological change often seen in
lzheimer’s disease is cerebral amyloid angiopathy (CAA),

n which amyloid is deposited within the wall and in the
icinity of cerebral vessels. A� is generated from the amy-

oid precursor protein (APP) by a proteolytic activity of �-
nd �-secretase (Kar et al., 2004). Pathological accumulation
f A� is an early and common feature of AD.

∗ Corresponding author. Tel.: +86 24 23256666x5305;
ax: +86 24 23256666x5305.
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Zinc, an essential trace element for mammals, is abundant
n the nervous system and has been suggested to be involved
n many biological functions (Vallee and Auld, 1993; Pérez-
lausell, 1996; Takeda, 2000a, 2001; Valente et al., 2002;
ang et al., 2004). In the brain, most zinc ions are tightly

ound to macromolecules or serve as a cofactor for a large
umber of enzymes (Christianson, 1991; Coleman, 1992).
nly 15–30% of total zinc is present as free or weakly bound

inc ions, and these zinc ions can be detected by zinc-staining
echniques (Frederickson et al., 1987; Mancini et al., 1992;
akeda et al., 2000b; Miro-Bernie et al., 2003; Danscher et al.,
004). A� contains both high and low affinity zinc-binding

ites, and zinc ions are the only physiologically available
etal ions to precipitate A� at pH 7.4 (Bush et al., 1994a).

ncrease of zinc ions in the brain can trigger a deposition of
� that results in the formation of senile plaques (Bush et

mailto:wangzy@mail.cmu.edu.cn
dx.doi.org/10.1016/j.neurobiolaging.2008.02.018
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l., 1994b). Most likely this process is also responsible for
he amyloid accumulations in the vessel walls of CAA. Metal
helating agents (clioquinol and DP-109, both membrane per-
eable chelators) have been shown to inhibit the formation

f amyloid plaques in APP transgenic mouse brain (Cherny
t al., 2001; Bush, 2002; Lee et al., 2004). Therefore, dis-
uption of zinc homeostasis in the brain may be an early and
ecessary step in the initiation of A� accumulation.

Zinc cannot travel across biological membranes by pas-
ive diffusion. In mammals, two zinc transporter families
ZIP, SLC39 and ZnT, SLC30) are required for transport-
ng zinc across the plasma membrane and distributing zinc
round the cell (Eide, 2004; Palmiter and Huang, 2004).
he ZIP family members are involved in uptake of zinc

ons into the cell or release of stored zinc into the cyto-
lasm, while the ZnT family members are responsible for
he extrusion of zinc outside the cytoplasm to the extracel-
ular space or intracellular organelles (Colvin et al., 2003;
ambe et al., 2004). Until now, eight members of the ZnT

amily have been characterized and are referred to as ZnT1–8
Palmiter et al., 1996a,b; Huang and Gitschier, 1997; Huang
t al., 2002; Kirschke and Huang, 2003; Fabrice et al., 2004;
ambe et al., 2004; Seve et al., 2004). Two other ZnT genes,
nT9 and ZnT10, have been predicted by the mouse and
uman genome resources (Sim and Chow, 1999; Seve et
l., 2004). Most of the ZnTs, except for ZnT5, share six
embrane-spanning domains and a histidine-rich intracel-

ular loop between domains 4 and 5, which is believed to be
he zinc-binding site.

Although zinc has been demonstrated to play an impor-
ant role in the pathologic process of AD, the involvement of
inc transporter proteins in the regulation of zinc homeosta-
is of human and mouse AD brains is unclear. Recently, it
as been reported that there are significant alterations in the
xpression of ZnT1 (Lovell et al., 2005), ZnT4, and ZnT6
Smith et al., 2006) in human AD brains. However, a com-
rehensive description of the expression and distribution of
inc transporter proteins in the AD pathogenesis of APP/PS1
ransgenic mouse brain has not been established. Analysis
f zinc transporter protein expression patterns in the mouse
D brain will help to address the molecular mechanisms of

inc homeostasis involved in the AD pathogenesis. In the
resent study, we studied expression and distribution pat-
erns of ZnT1 and ZnT3–7 in mouse normal and AD brains
y immunofluorescence and Western blot analyses. In addi-
ion, the levels of free zinc ions in these brains were evaluated
y immersion autometallography.

. Materials and methods

.1. Animals
Six male mice (three 9-month-old B6C3-Tg(APPswe,
SEN1dE9)85Dbo/J mice and three age-matched wild-type
57bl/6 mice) were used in this study (purchased from the

d
s
m
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ackson Laboratory, USA). They were housed in a 12 h
ight/dark cycle at 21–22 ◦C and 50% humidity, with food
nd tap water available ad libitum. All experimental proce-
ures were performed in agreement with the ethical standards
f China Medical University. The animals were anaesthetized
ith sodium pentobarbital (50 mg/kg, i.p.) and decapitated.
he brains were immediately removed and split in halves.
ne half of the brains were placed in 4% paraformaldehyde

or immunofluorescence and immunohistochemistry analy-
es. The other half of the brains were cut into two slabs and
ere either placed in 3% glutaraldehyde for AMG analysis
r frozen for Western blot assays.

.2. Antibodies

All ZnT antibodies used in this study were affinity-purified
abbit antisera specific for each ZnT protein. ZnT1 anti-
erum was kindly provided by Dr. WF Silverman (Sekler
t al., 2002); ZnT3 antiserum was kindly provided by Dr.
D Palmiter (Palmiter et al., 1996b); ZnT4–7 antisera were
indly provided by Dr. L Huang (Huang and Gitschier, 1997;
uang et al., 2002; Kirschke and Huang, 2003; Yu et al.,
007). The mouse monoclonal antibody detecting amino acid
esidues 1–12 of human A� was purchased from Sigma.
APDH monoclonal antibody was purchased from Santa
ruz Biotechnology. Secondary antibodies, fluorescein isoth-

ocyanate (FITC)-conjugated donkey anti-rabbit IgG, Texas
ed-conjugated donkey anti-mouse IgG, and normal donkey

erum (NDS), were purchased from Jackson ImmunoRe-
earch Laboratory.

.3. Tissue preparation for immunohistochemical and
mmunofluorescence staining

Fixed tissues were immersed in a series of ethanol solu-
ions, increasing the concentration until absolute alcohol was
eached. The tissues were then left in xylene overnight before
eing embedded in paraffin. Ten-micrometer-thick sections
ere cut, mounted on glass slides, kept overnight at 37 ◦C,

nd then at room temperature until use.
Prior to immunohistochemical and immunofluorescence

taining, the sections were dewaxed in xylene and rehy-
rated through graded alcohols. They were then rinsed in
.1 M Tris–HCl buffered saline (TBS, pH 7.4) and treated
ith 3% hydrogen peroxide (H2O2) in PB for 10 min to

educe endogenous peroxidase activity. After rinsing with
BS, the sections were boiled in a TEG buffer for 5 min in
microwave. After cooling, the sections were rinsed in TBS

or 30 min.

.4. Immunohistochemical analysis
Immunohistochemical analysis was performed in accor-
ance with the standard ABC method. To reduce nonspecific
taining, sections were treated with 5% bovine serum albu-
in (BSA) and 3% goat serum in TBS for 1 h. They were
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solution (in distilled water) for 10 min (AMG stop bath).
Jars were then placed under gently running deionized water
for 5 min (Danscher, 1981; Danscher et al., 2004; Danscher
and Stoltenberg, 2006). The entire set-up was prepared in
6 L.-H. Zhang et al. / Neurob

hen incubated with primary antibodies specific against ZnT1
nd ZnT3–7 overnight at 4 ◦C. Antibodies were diluted in
BS containing 3% normal goat serum (NGS), 1% BSA,
nd 0.25% Triton X-100 at 1:50 for ZnT1, ZnT3, ZnT6
ntibodies and at 1:25 for ZnT4, ZnT5, ZnT7 antibodies.
fter several rinses in TBS, the sections were incubated
ith a 1:200 diluted biotinylated goat anti-rabbit IgG for
h at room temperature. To visualize the immunoreaction

ites in tissues, the sections were then rinsed and treated with
eagents from an ABC Kit for 1 h at room temperature. The
ections were rinsed in TBS and incubated with 0.025% 3,3-
iaminobenzidine (DAB) plus 0.0033% H2O2 in TBS for
0 min. Then, Tris buffer was added to stop the DAB reac-
ion. The stained sections were dehydrated through graded
lcohols, cleared in xylene, and covered with neutral balsam.
ll sections were examined and images were taken with a

ight microscope equipped with a digital color camera. The
mages were further processed with Adobe Photoshop.

.5. Immunofluorescence analysis

All immunofluorescence procedures were performed at
oom temperature. NDS, primary and secondary antibod-
es were all diluted in 0.01 M PBS containing 1% BSA and
.25% Triton X-100.

For single labeling with A�, sections were preincu-
ated with NDS (1:20) for 1 h and then incubated with
ouse anti-A� (1:500) at room temperature overnight. After

everal rinses, the sections were incubated with Texas Red-
onjugated donkey anti-mouse IgG (1:50) for 2 h. After
insing with 0.01 M PBS, the sections were mounted with an
nti-fading mounting medium and examined using a macro
oom fluorescence microscope (MVX10, Olympus). Images
ere taken using a microscope equipped with a digital color

amera (DP71, Olympus).
For double labeling, sections were preincubated with NDS

1:20) for 1 h and then incubated overnight in a mixture
f primary antibodies, mouse anti-A� (1:500) and rabbit
nti-ZnT1 (1:50), ZnT3 (1:50) ZnT4 (1:25), ZnT5 (1:25),
nT6 (1:50) or ZnT7 (1:25). After several rinses, the sec-

ions were incubated for 2 h with a mixture of secondary
ntibodies, FITC-conjugated donkey anti-rabbit IgG (1:50,
or labeling one of the ZnTs) and Texas Red-conjugated don-
ey anti-mouse IgG (1:50, for labeling A�). After rinsing
ith PBS, the sections were mounted with an anti-fading
ounting medium and examined using a confocal laser scan-

ing microscope (SP2, Leica). Excitation filters for FITC
488 nm) and Texas-Red (568 nm) were used. Images were
aken using Kalman mode scanning (10 scans) from single
hannel scanning. Colocalization was verified by a sequen-
ial scan between the two channels. Images were processed
sing an Adobe Photoshop program.
To assess nonspecific staining, a few sections in every
xperiment were incubated with NDS instead of primary anti-
odies followed by all subsequent incubations as described
bove.
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.6. Immersion autometallography

One- and two-millimeter-thick slices of brain tissues were
ut with a “fast tissue slicer” (Histotech, Denmark) and
mmersed in NTS (0.1% sodium sulphide and 3% glutaralde-
yde in 0.1 M phosphate buffer, pH 7.4). The immersion
ars were placed on a shaker and kept at 4 ◦C. Three days
ater, the slices were carefully rinsed twice in a 0.1 M phos-
hate buffer for 10 min. For light microscopy, the brain slices
ere placed in a 30% sucrose solution until they sank to

he bottom of the glass. They were then frozen with CO2
nd placed in a cryostat, and the temperature was lowered
o −17 ◦C. After AMG development (see below), the sec-
ions were counterstained with a 0.1% aqueous toluidine blue
pH 4.0) solution, dehydrated in ascending concentrations of
lcohol and xylene, embedded in DEPEX, and covered with a
over slide. They were then analyzed and photographed with
light microscope. For electron microscopy, vibratome sec-

ions were prepared and immersed in AMG developer. After
MG staining, the areas to be analyzed were cut out, placed

n osmium tetroxide (1% in phosphate buffer for 30 min) and
mbedded in Epon. The ultrathin sections were cut, placed
n a grid and counterstained with uranyl acetate and lead cit-
ate (Danscher, 1981; Danscher et al., 2004; Danscher and
toltenberg, 2006).

The AMG developer consisted of a 60 ml gum arabic
olution, 10 ml sodium citrate buffer, 15 ml reducing agent
0.85 g hydroquinone in 15 ml distilled water at 40 ◦C), and
5 ml of a solution containing silver ions (0.12 g silver lac-
ate in 15 ml distilled water at 40 ◦C, added immediately
efore use while thoroughly stirring the AMG solution).
lass slides were placed in Farmer cleaned jars filled with

he AMG developer and incubated at 26 ◦C for 60 min while
eing gently shaken. The AMG development was stopped
y replacing the developer with a 5% sodium thiosulphate
ig. 1. Immunofluorescence staining of A� in the APP/PS1 transgenic
ouse brain. The A�-positive senile plaques are widely distributed in almost

ll the cortical layers and the CA1 and dentate gyrus (DG) region of the hip-
ocampus. cc, Corpus callosum. Scale bar = 2 mm. The insert is a higher
agnification of an A�-positive senile plaque. Scale bar = 20 �m.
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lain daylight on the lab bench. However, the development
rocedure was performed in darkness.

The mandatory DEDTC (sodium diethyldithiocarbamate

rihydrate; Merck, 6689) control procedure was performed
o ensure the specificity of the zinc ion staining (Danscher et
l., 1973; Stoltenberg et al., 2005; Danscher and Stoltenberg,
006).

a
1
s
fl

ig. 2. Immunohistochemical analysis of ZnT1, ZnT3, ZnT4, ZnT5, ZnT6, and Zn
he SP (arrowheads in a–f). High magnification showing different staining patterns
f ZnT proteins. ZnT1 and ZnT4 are extensively expressed all over the plaques (
oncentrated in the degenerating neurites in the periphery of the plaques (arrowh
articularly dense in the centre of the plaque (arrowhead in f1). Scale bars = 100 �m
of Aging 31 (2010) 74–87 77

.7. Western blot analysis

The hippocampus and cortex of brains were homogenized

t 1:5 (w:v) in an ice-cold lysis buffer (50 mM Tris–HCl,
50 mM NaCl, 1% Nonidet P-40, 1 mM EDTA, 0.25%
odium deoxicolate, 0.1% SDS, 1 mM phenylmethylsulfonyl
uoride (PMSF), 10 mg/ml leupeptin, 1 mM Na3VO4, and

T7 in the SP. Low magnification showing abundant expression of ZnTs in
and intensities of ZnTs in the SP (a1–f1). Arrowheads indicate the staining
arrowheads in a1 and c1), while ZnT3, ZnT5, and ZnT6 are prominently
eads in b1, d1, and e1). ZnT7 is present in all parts of the plaque, but is

(a–f); 10 �m (a1–f1).
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Fig. 3. Distribution of ZnT1, ZnT3, ZnT4, ZnT5, ZnT6, and ZnT7 in the cerebral blood vessels in the APP/PS1 transgenic mouse brain. Immunohistochemical
staining shows that all members of ZnT family examined are expressed within the wall or in the vicinity of cerebral vessels (a, negative control; b, ZnT1,
from cortex; c, ZnT3, from hippocampus; d, ZnT4, from cortex; e, ZnT5, from hippocampus; f, ZnT6, from hippocampus; g, ZnT7, from cortex). ZnT3
immunoreactivity is the most intense among the ZnTs examined (c). Asterisks (*) indicate the lumen of blood vessels. ZnT4 (h), ZnT5 (i), ZnT6 (j), and ZnT7
(k) are abundantly expressed in the neuronal cell bodies. N, nucleus. Scale bars = 50 �m (a–e); 20 �m (f–g); 10 �m (h–k).
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mM NaF). The resulting homogenate was centrifuged at
2,000 × g for 30 min at 4 ◦C. The supernatant was collected
nd total protein levels were measured by a BCA protein
ssay kit (Pierce Biotechnology).

Proteins (20 �g) were separated on 10% SDS-
olyacrylamide gels and transferred onto PVDF membranes
Millipore, CA) in an electronasfer device (45 V, 15 h). The
embranes were blocked in 5% nonfat milk in TBS con-

aining 0.05% Tween 20 (TTBS) for 3 h and then incubated
ith a primary antibody overnight at 4 ◦C. The dilutions of
rimary antibodies were 1:500 for ZnT1, ZnT3, ZnT4, ZnT6,
nd ZnT7, 1:1000 for ZnT5, and 1:12,000 for GAPDH.
he membranes were washed with TTBS, incubated with a
orseradish peroxidase-conjugated secondary antibody for
h at room temperature at constant stirring, washed and

eacted with reagents in an enhanced chemiluminescence
ECL) kit (Pierce, CA). Protein bands were visualized by
xposure to Kodak-XAR film. After development, the band
ntensities were quantified using an Image-pro Plus 6.0
nalysis software.

Specificities of the antibodies against ZnT1 and ZnT3–7
ere described previously by Western blot analyses (Palmiter

t al., 1996b; Huang et al., 2002; Sekler et al., 2002; Kirschke
nd Huang, 2003; Yu et al., 2007).

.8. Statistical analysis
Mean protein levels of ZnTs in APPswe/PS1dE9 trans-
enic mice and wild-type mice were compared using

two-tailed Student’s t-test. Results are presented as

a
s
i
e

ig. 4. Double-immunofluorescence labeling of ZnT1 and A�. Low magnification
2). A colocalization of ZnT1 and A� is detected in most plaques (arrows in a). Hig
he two plaques are A�-positive and display typical characteristics of a cored plaqu
rranged radially oriented amyloid fibrils (b2). ZnT1 is expressed all through the pl
of Aging 31 (2010) 74–87 79

ean ± S.E.M. (% of wild-type controls). P < 0.05 was con-
idered significant.

. Results

.1. Aβ immunoreactivity showed extensive senile
laques in the APP/PS1 transgenic mouse cerebrum

Macro zoom fluorescence microscope analysis showed an
verall immunofluorescence staining of A� in the cerebrum
f the APP/PS1 transgenic mice (Fig. 1). The A�-positive
enile plaques were widely distributed in the CA1 and den-
ate gyrus (DG) region of the hippocampus and almost all the
ortical layers (Fig. 1). The plaques were different in sizes,
extures, and immunofluorescence intensities. These results
ere consistent with previous reports that the APP/PS1 trans-
enic mouse brain, especially the hippocampus and cortex,
ontained a large amount of A�-positive plaques when ani-
als were 6–7 months old (Flood et al., 2002; Van-Groen et

l., 2006).

.2. Abundant expression of ZnTs in SP and amyloid
ngiopathic vessels

Routine immunohistochemical observations revealed

bundant expression of ZnTs in the amyloid plaques. Fig. 2
hows the overall immunohistochemical localization of ZnTs
n the cerebrum of the APP/PS1 transgenic mice. In gen-
ral, ZnTs-positive plaques were observed throughout the

showing abundant expression of ZnT1 in the A�-positive plaques (a1 and
h magnification showing a large and a small plaque (arrowheads in b–b2).

e that contains a dense core of tightly aggregated amyloid fibrils and loosely
aques (b1). Scale bars = 300 �m (a–a2); 30 �m (b–b2).
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ortex and the CA1 and DG region of the hippocampus
Fig. 2a–f). At a higher magnification, ZnT1 (Fig. 2a1) and
nT4 (Fig. 2c1) were extensively expressed in all parts of

he plaques. ZnT3 (Fig. 2b1), ZnT5 (Fig. 2d1), and ZnT6
Fig. 2e1) were expressed prominently in the degenerating
eurites in the peripheral part of the plaques, while ZnT7
Fig. 2f1) was present in the core of the plaques.

Our data also showed an abundant expression of ZnTs in
he amyloid angiopathic vessels (Fig. 3). ZnT3 immunore-
ctivity was the most intense (Figs. 3c and 5c, c1). ZnT1
nd ZnT4–7, were also expressed within the wall or in the
icinity of cerebral vessels (Fig. 3b, d–g), but far less than
nT3. Furthermore, ZnT4–7 were all expressed in the neu-

onal cell bodies (Fig. 3h–k), in agreement with previous
ndings (Wenzel et al., 1997; Huang and Gitschier, 1997;
uang et al., 2002; Kirschke and Huang, 2003).

No distinct staining was observed in the negative control

or the immunohistochemical staining in the brain tissue of
PPswe/PS1dE9 transgenic mouse (Fig. 3a).

t
Z
r

ig. 5. Double-immunofluorescence labeling of ZnT3 and A�. Low magnification
nd a2). An overlapping staining between ZnT3 and A� is seen in most plaques (a
ossy fiber. High magnification showing a large A�-positive cored plaque (b2). ZnT

f the plaque (b and b1, arrowheads indicated ZnT3 immunoreactivity). High mag
ngiopathic vessel (c–c2). MF, mossy fiber. Asterisks (*) indicate the lumen of bloo
of Aging 31 (2010) 74–87

Double-immunofluorescence staining for A� and one of
he zinc transporter proteins including ZnT1 and ZnT3–7
ere performed to analyze the colocalization of A� and ZnT
rotein expression in the brains of APP/PS1 transgenic mice.
s shown in Figs. 4–9, panel a1, expression of ZnTs was
etected in the SP. Merging of ZnTs- and A�-labeled images
rom the two channels indicated that ZnT1 and ZnT3–7 were
xpressed in most of the A� containing plaques (Figs. 4–9,
anels a and a2). At higher magnification, the majority of A�
ontaining plaques showed a typical characteristic of senile
laques, such as a dense core of tightly aggregated amyloid
brils surrounded by more radially oriented amyloid fibrils
Figs. 4–7, panel b2). Compact plaques containing densely
acked A� fibrils throughout the plaques were also seen
Figs. 8 and 9, panel b2). ZnTs, however, exhibited different
taining patterns. ZnT1 and ZnT4 were expressed all over

he plaques (Figs. 4 and 6, panel b1), while ZnT3, ZnT5, and
nT6 were concentrated primarily in the degenerating neu-

ites in the periphery of the plaques (Figs. 5, 7 and 8, panel

demonstrating abundant expression of ZnT3 in the A�-positive plaques (a1
rrows in a). An intense ZnT3 fluorescence is also seen in the hippocampal
3 is prominently concentrated in the degenerating neurites in the periphery

nification also shows the strongest ZnT3 immunoreactivity in the amyloid
d vessels. Scale bars = 300 �m (a–a2); 30 �m (b–b2 and c–c2).
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Fig. 6. Double-immunofluorescence labeling of ZnT4 and A�. Low magnification demonstrating co-expression between ZnT4 and A� in most plaques (arrows
i b1) in
3

b
t
p
t
r
a

3

F
a
n

n a–a2). High magnification showing abundant expression of ZnT4 ((b and
0 �m (b–b2).

1). In addition, ZnT5 and ZnT6 were completely absent from
he center of the plaques (Figs. 7 and 8, panel b1). ZnT7 was

resent in all parts of the plaques, but particularly dense in
he center of the plaques (Fig. 9b1). An intense ZnT3 fluo-
escence was seen in the hippocampal mossy fibers (Fig. 5a
nd a1).

t
u
i

ig. 7. Double-immunofluorescence labeling of ZnT5 and A�. Low magnification
–a2). High magnification showing a large A�-positive cored plaque (b2). ZnT5 is
eurites in the periphery region of the plaque (arrowheads in b and b1). Scale bars =
all parts of two amyloid plaques (b and b2)). Scale bars = 300 �m (a–a2);

.3. Distribution of zinc ions in the senile plaques
Immersion autometallography is a highly sensitive method
o trace free zinc ions in tissues (Danscher et al., 2004). We
sed this method to determine the distribution of free zinc ions
n the senile plaques. Light microscopic observations showed

showing that almost all A�-positive plaques are ZnT5-positive (arrows in
absent from the center and prominently concentrated in the degenerating
300 �m (a–a2); 30 �m (b–b2).
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ig. 8. Double-immunofluorescence labeling of ZnT6 and A�. Low magnifi
arrows in a–a2). High magnification showing a large A�-positive compact
rom the centre and prominently concentrated in the degenerating neurites i
a–a2); 30 �m (b–b2).

hat AMG-positive plaques were widely distributed in the
PPswe/PS1dE9 transgenic mouse brain. The diameters
f the plaques were approximately 10–100 �M (Fig. 10a).

MG-positive cerebral blood vessels can be seen clearly

ndicating the abundant distribution of zinc ions in the blood
essels wall (Fig. 10b). At higher magnification, a major-
ty of the AMG-stained plaques were rosette-shaped with a

s
a
m
e

ig. 9. Double-immunofluorescence labeling of ZnT7 and A�. Low magnification
2). A colocalization of ZnT7 and A� is seen in most plaques (arrow in a). High m
acked A� fibrils in the whole plaque (b2). ZnT7 is expressed in the whole plaque, e
0 �m (b–b2).
emonstrating abundant expression of ZnT6 and A� in the amyloid plaques
containing densely packed A� fibrils in whole plaque (b2). ZnT6 is absent
riphery region of the plaque (arrowheads in b and b1). Scale bars = 300 �m

on-zinc stained interior (Fig. 10c). Furthermore, electron
icroscopic analysis of plaques confirmed that the amyloid

eposits were surrounded by neurites, and the distinct zinc

taining could be seen clearly in the amyloid core (Fig. 10d)
nd the surrounding dystrophic neurites (Fig. 10e), in agree-
ent with previous reports (Kurt et al., 2001; Boutajangout

t al., 2004; Stoltenberg et al., 2007)

showing abundant expression of ZnT7 in the A�-positive plaques (a1 and
agnification showing a medium-sized compact plaque containing densely

specially in the center of the plaque (b and b1). Scale bars = 300 �m (a–a2);
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Fig. 10. Light micrographs (a–c) and electron micrographs (d and e) of AMG staining of zinc ions within the cortex and hippocampus of APP/PS1 transgenic
mouse brain. Groups of zinc-stained plaques are shown by arrows within the hippocampus and by arrowheads within the cortex (a). Distinct zinc staining in the
blood vessel wall (b). High magnification showing most of the zinc-stained plaques are rosette-shaped with a non-zinc stained core (c). Electron micrograph
s phic ne
(

3
a

h
a
c
i
t

i
a
P
i
a

howing distinct zinc staining in an amyloid core of a plaque (d) and dystro
e).

.4. Increased expression of ZnTs in the hippocampus
nd cortex

The levels of zinc transporter protein expression in the
ippocampus and cortex were measured using Western blot

nalysis (Figs. 11 and 12). Our Western blot results indi-
ated that the expression of zinc transporter proteins was
ncreased in the hippocampus and cortex of APPswe/PS1dE9
ransgenic mice. Among the zinc transporter proteins exam-

A
t
(
w

uritis (e). Scale bars = 500 �m (a); 100 �m (b); 10 �m (c); 3 �m (d); 2 �m

ned, ZnT3 showed the greatest increase in both hippocampus
nd cortex (398.6 ± 13.1% and 201.9 ± 11.4%, respectively,
< 0.05). ZnT6 and ZnT7 showed the smallest increase

n hippocampus and cortex, respectively (142.2 ± 14.2%
nd 122.9 ± 2.8%, respectively, P < 0.05) (Figs. 11 and 12).

lthough the expression of ZnT5 was increased in

he hippocampus and cortex of APPswe/PS1dE9 mice
168.2 ± 16.4% and 134.2 ± 9.0%, respectively), the changes
ere not statistically significant (P < 0.1) (Figs. 11 and 12).
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ig. 11. Zinc transporter proteins expression in the hippocampus of APP/PS
oading. Results are presented as mean ± S.E.M. (% of wild-type controls),

. Discussion

Significant elevations and redistribution of zinc ions have
een found in the human AD brain (Samudralwar et al., 1995;
eibel et al., 1996; Danscher et al., 1997; Lovell et al., 1998;
toltenberg et al., 2005; Miller et al., 2006; Religa et al.,
006) and in the APP transgenic mouse brain (Tg2576) (Lee
t al., 1999; Friedlich et al., 2004). In the present study, the
istribution of zinc ions and six members of the ZnT family,
nT1 and ZnT3–7, were investigated in the hippocampus
nd cortical layers of the APPswe/PS1dE9 transgenic mouse
rain. Our current findings of the enrichment of zinc ions and
o-expression of zinc transporter proteins with A� in amyloid
laques in the APPswe/PS1dE9 double mutant mouse brain
xtended the previous findings and demonstrated that zinc is
n important component of senile plaques in both humans
nd mutant transgenic mice.

Previous studies from our laboratory and others have
emonstrated that the zinc transporter proteins have differ-
nt cellular and subcellular locations and play different roles
n zinc homeostasis in normal and pathological conditions
Cousins and McMahon, 2000; Wang et al., 2002, 2003, 2004,
005; Kambe et al., 2004). ZnT1, an ubiquitous zinc trans-

orter localized on the plasma membrane, serves an essential
unction of zinc efflux from the cell (Palmiter and Findley,
995; Nitzan et al., 2002; Sekler et al., 2002; Andrews et

t
a
v

ig. 12. Zinc transporter proteins expression in the neo-cortex of APP/PS1 transg
rotein loading. Results are presented as mean ± S.E.M. (% of wild-type controls), n
enic mice and wild-type controls. GAPDH was used as a control for protein
*P < 0.01 (vs. wild-type controls), *P < 0.05 (vs. wild-type controls).

l., 2004), while other ZnTs are localized on the intracellu-
ar membranes and involved in pumping zinc into different
ntracellular organelles when cellular zinc levels are elevated
Kambe et al., 2004). Exposure to a high dose of zinc can
nduce an up-regulation of the ZnT1 gene in cultured cells
Langmade et al., 2000; Tsuda et al., 1997). Therefore, we
ypothesize that the increased expression of ZnT1 and sub-
equent efflux of zinc ions cause an elevation of zinc ions in
he extracellular space, which might initiate the increased
eposition of A� and result in the creation of �-amyloid
laque. Furthermore, the high level of extracellular zinc ion,
n turn, might up-regulate the expression of ZnT1. ZnT3 is

ainly localized in the membranes of zinc-rich synaptic vesi-
les within mossy fiber buttons of hippocampus (Wenzel et
l., 1997). Synaptic zinc release causes A� to precipitate
nto amyloid (Bush et al., 1994a; Huang et al., 1997; Lee
t al., 2002; Friedlich et al., 2004). ZnT3 knockout mice are
evoid of zinc ions in zinc-enriched terminals (Cole et al.,
999). Genetic ablation of ZnT3 in the Tg2576 Alzheimer
ouse model inhibits amyloid pathology (Lee et al., 2002;
riedlich et al., 2004). A� accumulation has been reported in

he endosomal/lysosomal system in postmortem AD brains
Takahashi et al., 2002) and precedes amyloid plaque forma-

ion (Wirths et al., 2001; Shie et al., 2003). ZnT4 may have

role in this process as it is localized on the intracellular
esicular membrane and functions to increase vesicular zinc

enic mice and the wild-type controls. GAPDH was used as a control for
= 6. **P < 0.01 (vs. wild-type controls), *P < 0.05 (vs. wild-type controls).
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oncentration. The functions of ZnT5, ZnT6, and ZnT7 are
elieved to facilitate the translocation of the cytoplasmic zinc
nto the Golgi apparatus (Huang et al., 2002; Kirschke and
uang, 2003; Chi et al., 2006). Interestingly, the �-secretase

omplex responsible for the cleavage of APP interacts with
ts substrates in the trans-Golgi network (TGN) (Baulac et
l., 2003). There are different A� compositions in different
ortions of one plaque or different plaque types (Güntert et
l., 2006; Harigaya et al., 2006). Our findings of complex
inc transporter expression patterns in the plaques and the
levated expression of ZnTs in the hippocampus and cor-
ex of the APPswe/PS1dE9 transgenic mice suggest that zinc
ransporters may play multiple roles in the deposition and
rganization of A� composition.

For the first time, Friedlich et al. (2004) reported the con-
ribution of zinc to vascular �-amyloid deposition in APP
ransgenic mice brain. It has been suggested that the amount
f zinc in the CAA is dependent on ZnT3 activity as the
mount of CAA and zinc levels in the cerebral vessel walls are
ecreased in APP+/ZnT3+/− and APP+/ZnT3−/− mice. How-
ver, the amount of CAA of APP+/ZnT3−/− mice increases
hen the mice are 15–18 months old, indicating apart from
nT3, there is another source of zinc ions that contributes

o CAA formation. Our results showed that together with
he strong expression of ZnT3 in the wall and the vicinity
f CAA changed vessels, other ZnTs are also moderately or
aintly expressed in the same regions. We therefore hypoth-
size that, apart from the significant functions of ZnT3, the
levated zinc ions that initiate the amyloid precipitation in the
ormation of the CAA pathology in the aging mice may be
lso associated with the abnormal activities of other members
f the ZnT family.

In summary, the present study provided morphological
vidence of ZnTs being involved in the formation of SPs
nd CAAs in APPswe/PS1dE9 transgenic mice. Although
he patterns and levels of zinc transporter protein expres-
ion differed somewhat among the different transporters, their
xpression was increased in the brain of APPswe/PS1dE9
ransgenic mice. Furthermore, their expression was more
bundant in the plaques and CAA changed vessels than in the
urrounding tissue, suggesting that ZnTs may play significant
oles in the deposition of A�.
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